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ABSTRACT 

The reliability of microfocus x-radlography and scanning laser acoustic 
microscopy for detecting microvoids In silicon nitride and silicon carbide was 
statistically evaluated. Materials- and process-related parameters that 
Influenced the statistical findings In research samples are discussed. The use 
of conventional x-radlography In controlling and optimizing the processing and 
sintering of an SI 3 N 4 -SIO 2 -Y 2 O 3 composition designated NASA 6 Y Is described. 
Radiographic evaluation and guidance helped develop uniform high-density 
SI 3 N 4 modulus-of-rupture bars with Improved four-point flexural strength 
(857, 544, and 462 MPa at room temperature, 1200 # C, and 1370 °C, respec- 
tively) and reduced strength scatter. 


INTRODUCTION 

Advanced nondestructive evaluation (NDE) techniques to reliably detect 
critical flaws are needed If fracture mechanics principles are to be applied 
effectively In the design of ceramic heat engine components (1,2). These 
techniques are also needed to monitor and control the fabrication process In 
the materials development program to make stronger and more reliable ceramics 
(2). Reliable ceramics require fabrication process control to reduce the 
Incidence of various flaws and to ensure that any flaws that occur are non- 
crltlcal. The dominant critical flaw type In monolithic ceramics Is a pore 
(3,4,5), which can cause wide strength variations and unacceptably low 
strength. Recent studies at the NASA Lewis Research Center (6,7) have estab- 
lished the reliability of microfocus x-radlography and scanning laser acoustic 
microscopy for detecting seeded Internal voids In SI 3 N 4 and SIC test specimens. 
Preliminary radiographic characterization of sintered SI 3 N 4 specimens (2) 
revealed the presence of large density gradients (a high-density case with a 
low-density core structure), which were believed to be detrimental to strength 
properties. Therefore a program was undertaken at NASA Lewis (3) to Incor- 
porate conventional x-radlographlc techniques In an extensive Investigation of 
one SI 3 N 4 -SIO 2 -Y 2 O 3 composition In order to monitor Its fabrication process. 

This paper describes the materials- and process-related factors that 
affected the reliability of microfocus x-radlography and scanning laser acous- 
tic microscopy for detecting Internal voids In SI 3 N 4 and SIC. The capability 
of the conventional x-radlographlc technique In guiding powder processing and 
sintering parameter changes to Improve the absolute density of sintered 
SI 3 N 4 and to eliminate detrimental density variations Is emphasized. Improve- 
ments In flexural strengths and reductions In strength scatter are also 
described. 



MATERIALS AND PROCEDURES 


The preparation of SIC and SI 3 N 4 specimens needed for the NDE reliability 
determinations Is shown In Fig. 1. The SI 3 N 4 powder had the SI 3 N 4 -SIO 2 -Y 2 O 3 
composition. The SIC powder contained sintering aids and binder materials of 
boron and carbonaceous resins. Styrene dlvlnyl benzene microspheres of various 
sizes (50, 80, 115, 220, and 528 ym dlam) were seeded In green specimens and 
later burned out to create voids within the green and sintered specimens. The 
seeded test bars had the same densities, compositions, and shapes as typical 
modulus-of-rupture (MOR) bars of the same materials. Details on specimen 
fabrication, void characterization, dimension of specimens and voids, and 
density determination are given In Ref. 6 . Microfocus radiography (Fig. 2) and 
scanning laser acoustic microscopy (Fig. 3) were used to detect the seeded 
voids (20 to 477 ym In dlam) In the fabricated ceramic samples. References 6 
and 7 describe In detail the radiography and SLAM systems, respectively. 

The powder-processing steps of the NASA 6 Y SI 3 N 4 composition, containing 
6 wt % each of Y 2 O 3 and SIO 2 , are shown In Fig. 4. Powders were milled 
(grinding time, tg, 24, 100, or 300 hr), die pressed Into bars at 21 MPa, and 
then Isopressed at 414 MPa. A total of 690 bars (23 batches) were sintered 15 
at a time at 2140 # C In a tungsten cup. High-purity BN disks separated the 
bars from one another and from contact with the tungsten cup. Sintering 
times t s were 1, 1.25, 1.5, and 2 hr. Nitrogen overpressures P^ of 2.5, 
3.5, and 5.0 MPa were employed. All batches were radiographically evaluated 
at all stages of fabrication as described In Fig. 5. Test bars were radio- 
graphed (Fig. 6 ) In two modes: (1) the (W,L) mode, where x-rays are trans- 
mitted through the thickness of the bar, and (2) the (T,L) mode, where x-rays 
are transmitted through the width of the bar. Radiographic feedback on the 
density uniformity of the bars was used to adjust the powder-processing and 
sintering parameters. Four-point flexural strength tests were conducted In 
air at room and elevated temperatures (1200 and 1370 °C) with Inner and outer 
spans of 9.53 and 19.05 mm, respectively. Strength data and radiographic 
density data were used to further modify the processing and sintering 
variables. 


NDE RELIABILITY 

Reliability assessment of microfocus x-radlography and scanning laser 
acoustic microscopy Is probabilistic because of the combined uncertainties 
associated with the equipment, the operator, the flaw characteristics, etc. 
Therefore a statistical approach must be used to determine the detection 
reliability. This examination of the seeded specimens was based on either 
detecting or not detecting known existing voids. Since only two outcomes from 
this examination were possible, the probability of detection (POD) can be 
described by a binomial distribution. Detection data were grouped Into size 
Intervals and further rearranged by the optimized probability method ( 8 ) to 
calculate the POD values at the 0.95 confidence level. 


Microfocus X-Radlography 

NDE reliability data are presented In Figs. 7 and 8 In the form of plots 
of POD versus void size, expressed as a percent of total specimen thickness. 
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For green materials the POD curves In Fig. 7(a) Indicate that the detec- 
tion sensitivity of Internal voids In SIC was about the same as In SI 3 N 4 
(l.e., 2.5 percent of thickness at a POD of 0.9). However, surface voids were 
easier to detect than Internal voids In both materials (Figs. 7(b) and (c)). 
This was due to the Internal voids being partially filled with powder, which 
reduced the contrast on the x-ray film. Even though Internal voids of this 
type would simulate an Interconnected porosity structure In similar materials. 
It Is difficult to establish reliability statistics for naturally occurring 
Internal voids. Hence only the POD data for surface voids presented herein 
would apply to naturally occurring Internal voids In green dry-pressed. 
Injection-molded, or slip-cast materials. For sintered materials (Fig. 8 ) the 
detection sensitivity was about 1.5 percent of thickness for surface and 
Internal voids In SIC, 1.5 percent of thickness for surface voids In SI 3 N 4 , 
and better than 1.5 percent of thickness for Internal voids In SI 3 N 4 at a POD 
of 0.9. This high sensitivity to Internal voids In sintered SI 3 N 4 was due 
to void morphologies that enhanced the x-ray attenuation depending on the 
density, chemical composition, and thickness of the shell surrounding the 
voids. Thus the Image contrast of some voids was Improved. A dense shell 
formation could occur for materials where high-atomic-number additives are 
used to promote tbe sintering process. When local chemical or density varia- 
tions are not present, as Is the case In sintered SIC, the detection relia- 
bility for Internal voids can be Inferred from the POD curves for surface 
voids (Fig. 8 (b)). 


Scanning Laser Acoustic Microscopy 

Figure 9 shows how specimen thickness and surface condition affected the 
POD (at 0.95 confidence level) of surface-connected voids In sintered SI 3 N 4 
(9). For as-fired 2-, 3-, and 4-mm-thlck specimens (with surface roughness of 
8 ym, peak to valley, the 0.9 POD was not attained. After the same speci- 
mens were polished to a surface roughness of 2 ym, 0.9 POD was achieved for 
all thicknesses. This acoustical opacity of the as-fired specimens was attrib- 
uted to the surface roughness. However, near-surface pore distribution might 
have scattered the sound wave and resulted In poor void detectability. Figure 
10 shows how void size, void depth below the laser-scanned surface, and matrix 
material affected the POD of Internal voids In sintered specimens having dia- 
mond ground surfaces (7). The boundaries of the bar graphs Indicate the 
smallest void sizes and the maximum depths at which 0.9 POD (0.95 confidence 
level) was achieved. The detection sensitivity was greater for SI 3 N 4 than It 
was for SIC. This can be attributed to the coarser grain structure and 
greater porosity of SIC. These mlcrostructural differences might have 
Increased the ultrasonic scatter and resulted In more ultrasonic attenuation 
In SIC. 


NDE PROCESS CONTROL 

Processing and sintering conditions were modified on the basis of feed- 
back from radiography to obtain the uniform high-density M0R bars associated 
with Improved strength and reduced strength scatter. Figure 11 shows how 
these modified procedures affected the flexural strength of NASA 6 Y SI 3 N 4 
sintered at 2140 °C. The sensitivity of radiography to the wlthln-bar poros- 
ity distribution In the baseline and Improved materials Is shown In Fig. 12. 
Efforts were made to eliminate the case-core structure (Figs. 6 and 12) and 
thereby strengthen the material and reduce Its strength scatter. 
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The case-core structure was examined as a function of the powder fineness 
and the sintering variables grinding time, sinter cup height, nitrogen over- 
pressure, and degree of BN setter contact. Radiography showed that Increasing 
the powder fineness (by using 100 - and 300-hr milling times) resulted In 
thinner and less distinct cases and thus Improved both slnterablllty and 
uniformity. Minimizing the BN setter contact resulted In more uniform densl- 
flcatlon as a consequence of more uniform heating. But Increasing nitrogen 
overpressure from 2.5 to 3.5 to 5.0 MPa had no effect on the case-core struc- 
ture. When using 100-hr milling time, smaller BN disks, and a nitrogen over- 
pressure of 5.0 MPa, Increasing the sintering time from 1 to 2 hr and raising 
the sinter cup Into a more uniform temperature zone were very effective In 
greatly reducing density gradients In sintered bars. The most uniform mate- 
rial, batch 31 (Fig. 12), was the result of the cumulative positive effects of 
Increasing the powder grinding time from 24 to 300 hr. Increasing the sinter- 
ing time from 1 to 2 hr, minimizing the BN setter contact, adjusting the 
sinter cup height, and using powder wet-sieving procedures. Wet sieving was 
used to eliminate agglomerates and to reduce the size of Impurity particles In 
green-pressed bars that vaporize during sintering and leave voids In the 
sintered bars. 

Microstructures for the baseline batch and the optimized batch (31) were 
compared and related to position In the bar by reference to radiographs 
(Fig. 12). The top and bottom surfaces (W,L) planes of batch 31 had essen- 
tially pore-free zones of equal thickness. However, the (W,L) planes of the 
baseline batch contained zones of dissimilar thickness and appearance and had 
fine porosity. The Internal porosity of batch 31 (3.24 g/cm3) was consider- 
ably less than that of the baseline batch (3.12 g/cm^). 

The Individual and combined effects of powder fineness and each of the 
sintering variables on the flexural strength of NASA 6 Y at room temperature, 
1200 °C, and 1370 °C are explained In detail In reference 3. Only the cumu- 
lative positive effects of all the variables on flexural strength are shown In 
Fig. 11. In processing from batch to batch (baseline to 28 to 29 to 31) the 
room-temperature strength continually Increased, with an overall Improvement 
of 56 percent and more than a threefold reduction In the standard deviation. 
Strength Improved 38 and 21 percent at 1200 and 1370 °C, respectively. All 
successive Improvements In the mechanical properties of sintered SI 3 N 4 were 
guided by x-radlographlc characterization. For the most Improved material the 
previously dominant failure-causing voids were replaced by large columnar 
grains, which are less detrimental to strength properties. 


CONCLUSIONS 

The reliability of microfocus x-radlography for nondestructive^ evalu- 
ating sintered ceramics was affected by the seeded void morphologies, which 
enhanced the x-ray attenuation depending on the density, chemical composition, 
and thickness of the shell surrounding the voids. The reliability of scanning 
laser acoustic microscopy was affected by the specimen surface roughness and 
mlcrostructural characteristics. Rough surfaces, large grains, and high 
porosity reduced the detection capability. 
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Cation p 


The successful use of conventional x-radlography In guiding the fabrl- 
ocess resulted In denser and more uniform 313^4 over the baseline 
material. The Improved material reached four-point average flexural strength/ 
standard deviation values of 857/36, 544/33, and 462/59 MPa at room tempera- 
ture, 1200 °C, and 1370 °C, respectively. These strengths represented Improve- 
ments of 56, 38, and 21 percent over the baseline properties at the three test 
temperatures. Further, previously dominant failure-causing voids were replaced 
by large grains, which are less detrimental to strength properties. 
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Figure 1. - Fabrication of silicon nitride and silicon carbide test specimens with 
seeded internal voids. 









Figure Z - Schematic configuration of microfocus projection radiography, 
where D is thickness of defect, T is thickness of sample, m is attenuation 
coefficient of matrix, and is attenuation coefficient of defect. 



Figure 3. - Scanning laser acoustic microscopy (SLAM) of ceramic test bars containing 
seeded internal defects. 
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Figure 4 - Powder processing of Sijfy-SiC^^Oj composition NASA 6Y. 

























PROBABILITY OF DETECTION 
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(a) Green SiC and Si 3 N 4 * (b) Green SiC. (c) Green Si 3 N 4 . 

Figure 7. - Lower bound probability of detecting surface and internal voids in green isopressed SiC 
and Si 3 N 4 bars by microfocus x-ray. Thickness sensitivity in percent equals 100 fvoid dimension 
in x-ray beam direction)/(thickness of specimen in same direction). Probability of detection 
calculated at 0.95 confidence level. 
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(a) Sintered Si 3 N 4 . (b) Sintered SiC. (0 Sintered SiC and Si 3 N 4 . 

Figure 8. - Lower bound probability of detecting surface and internal voids in sintered SiC and Si 3 N 4 
bars by microfocus x-ray. Thickness sensitivity in percent equals 100 (void dimension in x-ray 
beam direction)/(thickness of specimen in same direction). Probability of detection calculated at 
0. 95 confidence level. 


PROBABILITY OF DETECTION 




SURFACE VOID DIAMETER, Mm 


(a) Specimen thickness, 2 mm. (b) Specimen thickness, 3 mm. 


(c) Specimen thickness. 4 mm. 


Figure 9. - Effect of specimen thickness and surface condition on probability of detecting voids in sintered 
silicon nitride by SLAM . Effect of thickness is evident only for specimens with as-fired surfaces. Proba- 
bility of detection calculated at 0. 95 confidence level. 



Figure 10.- Effect of void diameter, void depth, 
and matrix material on probability of detecting 
internal voids by scanning laser acoustic 
microscopy. Probability of detection. 0.9 at 
0.95 confidence limit. 
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Figure 11. - Effect of modified processing/sintering procedures on flexural strength of NASA 6Y SioN* sintered at 
2140 °C. 
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